During neurogenesis in the ventral nerve cord of the Drosophila embryo, Notch signaling participates in the pathway that mediates asymmetric fate specification to daughters of secondary neuronal precursor cells. In the NB4-2 → GMC-1 → RP2/sib lineage, a well-studied neuronal lineage in the ventral nerve cord, Notch signaling specifies sib fate to one of the daughter cells of GMC-1. Notch mediates this process via Mastermind (Mam). Loss of function for mam, similar to loss of function for Notch, results in GMC-1 symmetrically dividing to generate two RP2 neurons. Loss of function for mam also results in a severe neurogenic phenotype. In this study, we have undertaken a functional analysis of the Mam protein. We show that while ectopic expression of a truncated Mam protein induces a dominant-negative neurogenic phenotype, it has no effect on asymmetric fate specification. This truncated Mam protein rescues the loss of asymmetric specification phenotype in mam in an allele-specific manner. We also show an interallelic complementation of loss-of-asymmetry defect. Our results suggest that Mam proteins might associate during the asymmetric specification of cell fates and that the N-terminal region of the protein plays a role in this process. evidences comes from a study on the development of five successive waves along the mediolateral and anteriorthe adult sensilla in which the neurogenic gene Notch posterior axes in rows and columns in a stereotyped plays a role in generating asymmetric division of secondand spatio-temporal pattern (Hartenstein and Camposary precursor cells (Hartenstein and Posakony 1990). Ortega 1984; Doe 1992). Each of these NBs has acUsing the temperature-sensitive allele of Notch, it was quired a unique fate by the time it is formed, and the shown that eliminating Notch activity in sensillum pre-NB that forms in a given position at a given time always cursors leads to hyperplasia of the sensory neurons at acquires the same fate (reviewed in Bhat 1999). A neuthe expense of accessory cells (i.e., shaft, socket cells). roblast then functions as a stem cell and divides by asymNotch, together with Numb (Nb), also regulates asymmetric mitosis, renewing itself with each division and prometric fate specification to progeny of GMC in the venducing a chain of ganglion mother cells (GMCs). A GMC tral nerve cord (Buescher et al. 1998; Skeath and Doe does not self-renew; instead it divides to generate two 1998; Lear et al. 1999; Wai et al. 1999). In the distinct neurons. These postmitotic neurons then un-GMC-1 → RP2/sib lineage, loss of Notch or nb leads to dergo cyto-differentiation. At the end of neurogenesis, the symmetric division of GMC-1. While both progeny each of the hemi-neuromeres has ‫023ف‬ neurons and assume RP2 fate in Notch mutants, they assume a sib ‫03ف‬ glia, the other principal cell type in the CNS (Bossfate in nb mutants (Buescher et al. 1998; Lear et al. ing et al. 1996; Schmidt et al. 1997) . Thus, a complex 1999; Schuldt and Brand 1999; Wai et al. 1999). Nb array of different cell types is formed from relatively few appears to block the intracellular domain of Notch from precursor cells.
T HE central nervous system (CNS) of the Drosophila
stein and Posakony 1990; Bhat and Schedl 1994; Bhat embryo provides an important paradigm for investiet al. 1995; Hirata et al. 1995; Knoblich et al. 1995 ; gating the problem of asymmetric division of neural Doe 1995, 1996; Buescher et al. 1998 ; Dye precursor cells during development. In the ventral et al. 1998; Skeath and Doe 1998; Lear et al. 1999 ; Wai nerve cord of the Drosophila embryo, ‫03ف‬ neuroblast et al. 1999; Mehta and Bhat 2001) . One of the earliest (NB) cells in each hemi-segment delaminate in about evidences comes from a study on the development of five successive waves along the mediolateral and anteriorthe adult sensilla in which the neurogenic gene Notch posterior axes in rows and columns in a stereotyped plays a role in generating asymmetric division of secondand spatio-temporal pattern (Hartenstein and Camposary precursor cells (Hartenstein and Posakony 1990) . Ortega 1984; Doe 1992) . Each of these NBs has acUsing the temperature-sensitive allele of Notch, it was quired a unique fate by the time it is formed, and the shown that eliminating Notch activity in sensillum pre-NB that forms in a given position at a given time always cursors leads to hyperplasia of the sensory neurons at acquires the same fate (reviewed in Bhat 1999). A neuthe expense of accessory cells (i.e., shaft, socket cells). roblast then functions as a stem cell and divides by asymNotch, together with Numb (Nb), also regulates asymmetric mitosis, renewing itself with each division and prometric fate specification to progeny of GMC in the venducing a chain of ganglion mother cells (GMCs). A GMC tral nerve cord (Buescher et al. 1998 ; Skeath and Doe does not self-renew; instead it divides to generate two Lear et al. 1999; Wai et al. 1999) . In the distinct neurons. These postmitotic neurons then un-GMC-1 → RP2/sib lineage, loss of Notch or nb leads to dergo cyto-differentiation. At the end of neurogenesis, the symmetric division of GMC-1. While both progeny each of the hemi-neuromeres has ‫023ف‬ neurons and assume RP2 fate in Notch mutants, they assume a sib ‫03ف‬ glia, the other principal cell type in the CNS (Bossfate in nb mutants (Buescher et al. 1998; Lear et al. ing et al. 1996; Schmidt et al. 1997) . Thus, a complex 1999; Schuldt and Brand 1999; Wai et al. 1999) . Nb array of different cell types is formed from relatively few appears to block the intracellular domain of Notch from precursor cells.
being cleaved and translocated to the nucleus, thus Genetic and molecular evidence indicate that GMCs allowing that cell to adopt an RP2 fate. These studies generally undergo an asymmetric cell division (Harten- have also revealed that the gene product of mastermind (mam) is downstream of Notch and that loss of function for mam results in both daughters of GMC-1 adopting 1 terminates at nucleotide 3884 of cDNA B4 (Smoller et al. Notch signaling (Smoller et al. 1990; Bettler et al. 1990) , encoding through the first acidic charge cluster, as Helms et al. 1999 with histone acetyltransferases (Fryer et al. 2002) There are several well-established ways to distinguish a GMC-1, an RP2, and a sib (see Bhat and Schedl 1994; Buescher et al. 1998; Wai et al. 1999) . First, the nuclear division and cytokinesis of GMC-1 that generates the two daughter cells is asymmetric in nearly 97% of the hemi-segments (the number of hemi-segments examined, N ϭ 400). Thus, in 7.5-to 10-hr-old embryos, the cell that is destined to become an RP2 is significantly larger compared to the cell that will eventually become Third, the cell that eventually assumes a sib identity
The neurogenic defect in an embryo in which MamN was undergoes a size reduction ( Figure 1c ) and further ectopically expressed between 2 and 6 hr of age. (i) Ectopic downregulation of expression of RP2-specific marker expression of MamH between 6 and 8 hr of age has no effect genes. By 13-14 hr of development, the sib loses Eve on the asymmetric division of GMC-1. Thus, only one RP2 was seen per hemi-segment (arrow). ( j) Wild-type control expression (cf. Figure 1d ). Finally, RP2 is a motor neuembryo.
ron whereas sib has no axon projection and its eventual fate is unknown. Loss of function for mam causes both loss-of-asymmetry and neurogenic phenotypes: Most mam alleles show metry is present between the two RP2 neurons, which a neurogenic phenotype (Yedvobnick et al. 1988;  is also the case in Notch mutants (Wai et al. 1999 ). The Schmid et al. 1996) . We found that one of the EMSsmaller cell is also an RP2 in these mutants as indicated induced alleles, mam
IL42
, showed a mild neurogenic pheby its RP2-specific axon projection pattern (data not notype whereas it had a strong loss-of-asymmetry phenoshown; cf. Wai et al. 1999) . The other alleles examined type. For example, the GMC-1 of the RP2/sib lineage all had a strong neurogenic phenotype (cf. Figure 2f ); divides symmetrically into two RP2s in as many as 80% however, these alleles also had the loss-of-asymmetry of the hemi-segments, resulting in the duplication of phenotype, exemplified by the symmetric division of GMC-1 into two RP2 neurons (Figure 2f , arrows). RP2 neurons (Figure 1 , f-h, arrows). A slight size asym- human Mam produces a neurogenic effect in Xenopus (Fryer et al. 2002) . However, when the MamN transgene different developmental time points. Early induction of this transgene (between 2 and 6 hr of development at was induced between 6 and 8 hr of development at 22Њ, unlike the MamH, it had no effect on GMC-1 division 22Њ) resulted in a neurogenic phenotype (Figure 2b ). When the transgene was induced during the time in (Figure 2i ). Loss of Mam or Notch activity in imaginal discs has which the GMC-1 of the RP2/sib lineage undergoes asymmetric division (between 6 and 8 hr of development been shown to cause adult phenotypes (see Helms et al. 1999 and references therein). These include macroat 22Њ), it appeared that GMC-1 divided symmetrically into two RP2 neurons (Figure 2c ). However, with the chaete duplications, eye defects, and wing defects. Induction of Mam truncations in imaginal discs has been MamH transgenic line, we encountered a problem: following induction, the embryos failed to retract germ shown to cause similar phenotypes (Helms et al. 1999) . We repeated these experiments to make sure that the band and therefore we could not ascertain if both the daughters of GMC-1 adopt an RP2 fate by staining for newly constructed Hs-GAL4, MamH, and Hs-GAL4, MamN recombinant chromosomes behave similarly. As shown Eve expression alone. Therefore, we double stained these embryos with Eve and Zfh-1. Zfh-1 is a zinc-finger in Figure 3 , a brief induction of the MamH transgene during the third instar larval stage produced macroprotein and is expressed in a newly formed RP2 but not in a GMC-1 or a sib (Wai et al. 1999 ; Mehta and Bhat chaete duplications, eye scarring, and wing defects. Similar results were observed with the induction of the Hs-2001). Double staining of embryos with Eve and Zfh-1 where the MamH transgene was induced between 6 and GAL4, MamN transgene (data not shown). These results further indicate that these transgenes behave as loss-8 hr of development revealed that both the progeny of GMC-1 have Eve and Zfh-1 (Figure 2e, arrows) . The of-function mam mutations. MamN rescues the loss-of-asymmetry phenotype in a frequency of loss of asymmetry was low ‫%01ف(‬ of the hemisegments). Nonetheless, these results indicate that hypomorphic mam allele: The above results indicate that MamN can interfere with wild-type Mam function durthis truncated form of Mam functions as a dominant negative competing with the wild-type Mam and proing neuroblast formation and thus induce a neurogenic phenotype, whereas it cannot interfere with the wildduces both neurogenic and loss-of-asymmetry phenotypes. We also examined an allele of mam, N2G, in which type protein during asymmetric fate specification. We hypothesized that perhaps MamN has the part of the an inversion breaks the gene in such a way that it is expected to produce a truncated form of the protein protein required for specifying sib identity and thus it does not function as a dominant negative during asymthat is 12 amino acids shorter than MamH (Figure 2a) . In this allele, we observed both the neurogenic and the metric fate specification. To test this hypothesis, we sought to rescue the loss-of-asymmetry phenotype in two loss-of-asymmetry phenotypes (Figure 2f) . The defect was visualized by staining embryos for Eve. Each embryo has 28 hemi-segments; however, we counted 24 hemisegments per embryo since the defects in the posterior-most and anterior-most hemi-segments of the nerve cord are often difficult to ascertain.
allele and this produced a mild neurogenic phenotype but a strong loss-of-asymmetry phenotype ( Figure 4D ; see also Figure 1 and Table 1 ). We introduced MamN into these mutant backgrounds and induced the gene using Hs-GAL4 between 6 and 8 hr of development. When these embryos were examined for the RP2/sib lineage division pattern, we found that the asymmetry division defect in the RP2/sib lineage in mam HD10/6 was rescued by MamN ( Figure 4C ). However, the asymmetric division defect (as well as the neurogenic phenotype) in mam IL42 was not rescued by MamN ( Figure 4E ). These results suggest that MamN contains the regions neces- (Smoller et al. specification of sib fate. We tested this idea genetically 1990). This allele shows the loss-of-asymmetry phenoby looking for interallelic complementation. When two type ( Figure 4B ; see also IL42 and examined the trans-heterozygous embryos. As this allele is predicted to be wild type but most likely shown in Figure 4F , there was a significant rescue of the asymmetric division defect and thus most hemipresent at reduced levels. mam IL42 is an EMS-induced that showed a strong neurogenic defect (Figure 5c ). GMC-1 of the RP2/sib lineage (Buescher et al. 1998; Lear et al. 1999; Wai et al. 1999) . The asymmetric divisions mediated by these proteins appear to be tied to segments had normal specification of sib (see Table 1 ).
their asymmetric localization in GMC-1 and to their This interallelic combination is similar to the mam HD10/6 ; asymmetric segregation between two daughter cells durMamN combination and the rescue of asymmetric division ing division. For instance, during the division of GMC-1 defect in these combinations indicates that MamN or of the RP2/sib lineage, Insc localizes to the apical end Mam IL42 associates with Mam to rescue the loss-of-asymmetry of GMC-1, which in turn segregates Nb to the basal end. defect.
The cell that inherits Nb is specified as RP2 due to the mam IL42 carries a suppressor of the neurogenic defect ability of Nb to block Notch signaling, whereas the cell but not the asymmetry defect: The strong neurogenic that does not inherit Nb (but inherits Insc) is specified effect of MamN but the absence of a similar strong as sib by Notch. Thus, in insc mutants, both daughters neurogenic defect in mam IL42 (which is predicted to proof the GMC-1 adopt an RP2 fate whereas in nb mutants duce a truncated MamN-like protein; see Figure 5a ) was unexpected. For example, the absence of a strong they assume a sib fate (Buescher et al. 1998; Wai et al. 1999 . This mam allele, although not a null, shows a very strong loss-of-asymmetry phenotype sor(s) of the neurogenic defect but not a suppressor(s) of loss-of-asymmetry defect. Since a straightforward out-(83% of the hemi-segments; see Table 1 ), which can be reliably identified. A null allele gives a severe neurocrossing of mam IL42 does not result in the loss of suppressor(s), the suppressor(s) are likely to be located on the genic phenotype and makes it far more difficult to determine the double-mutant phenotype. In addition, we had same chromosome as mam
. Therefore, we subjected mam IL42 to one round of recombination and examined determined the molecular lesion in the mam gene in this allele. Since this allele is a loss-of-function allele and the embryo collections from recombinants. Consistent with the possibility of the presence of a partial suppressor of phenotypes of mam and numb mutants are opposing phenotypes, we reasoned that use of non-null alleles should neurogenic defect, we recovered mam IL42 chromosomes not pose any problems for analysis or interpretation of We show that a Mam truncation, which has the basic and the first acidic domain (MamN), rescues the asymmetric the double-mutant results. Therefore, we used this allele in our double-mutant experiments. As shown in Figure  cell fate specification defect in an allele-specific manner. These conclusions are based on several lines of evi6c, both the daughter cells of GMC-1 adopted RP2 fate in these embryos.
dence. First, a transgene that encodes this truncated Mam protein causes a dominant-negative neurogenic defect, but it does not cause a dominant-negative effect . This is a hypomorphic P-element inserthe signaling cell (Parks et al. 2000) . A physical perturbation of Notch protein structure during transendocytotion allele (Smoller et al. 1990) , which causes the loss of asymmetric division defect (Wai et al. 1999 ) but does not sis may be needed for proteolytic processing and release of the Notch intracellular domain (Notch intra ; Mumm cause a neurogenic defect except in combination with strong alleles of mam (Yedvobnick et al. 1988 ). These and Kopan 2000). Proteolytic cleavage of Notch is mediated by the membrane-bound Presenilin protein (Ye et results and the fact that the P element is inserted in the untranslated first exon suggest that low levels of wildal. 1999). In many but not all contexts (Ramain et al. 2001) , signaling by Notch occurs in conjunction with the type Mam are produced by this allele. However, the finding that MamN does not rescue the asymmetry de-DNA-binding Su(H) protein, the mammalian CBF1/ worm Lag-1 homolog (CSL; Henkel et al. 1994 ). In the fect in another mam mutant allele, mam
, which is predicted to produce a truncated Mam protein similar absence of Notch signaling, Su(H) establishes a default state of gene repression, which appears to be mediated to MamN, indicates that this rescue is allele specific (see below). Thus, some wild-type Mam protein appears to via complexing with Hairless and the corepressors Groucho and dCtBP (Barolo et al. 2002) . Upon Notch be necessary for the rescue by MamN and it is possible that the two proteins interact to provide the rescue activation, N intra goes into the nucleus, where it dissociates the repression complex and leads to the formation function (see below). Our sequence analysis of mam IL42 suggests that this of an activation complex containing Su(H) and Mam.
In the ventral nerve cord of the Drosophila embryo, allele encodes a Mam protein that is similar to MamN (although it is seven amino acids shorter). The inability the Notch pathway mediates terminal asymmetric division of secondary neuronal precursor cells (Buescher of MamN to rescue mam IL42 argues that this truncated protein in combination with MamN is not sufficient Lear et al. 1999; Schuldt and Brand 1999; Wai et al. 1999 ;MamN combination) also suggests that Mam IL42 and Mam HD10/6 proteins (which in the GMC-1 → RP2/sib lineage during GMC-1 division, the Inscuteable protein asymmetrically localizes to are expected to be wild type, but present at reduced levels) interact to rescue the loss of asymmetric division the apical end, which forces Numb to localize to the basal end. Basally localized Numb then segregates to of GMC-1. These results raise the question as to whether or not MamN (which is similar to the Mam protein in the future RP2. The function of Numb is to prevent the cleaving of the intracellular domain of Notch. In the the mam IL42 allele) has all the necessary function for generating asymmetry. Since it does not rescue the asymabsence of Numb, the intracellular domain of Notch gets cleaved and then translocated into the nucleus metry defect in mam
, clearly it does not have all the necessary information. However, it does have the rewhere it specifies a sib fate by complexing with Su(H) and Mam and activating downstream target genes. Previquired function in the presence of some presumably wild-type protein (i.e., in mam HD10/6 background). This is ous results also show that for the specification of an RP2 identity Numb is not required, but it is required to consistent with the fact that MamN does not function as a dominant negative during the asymmetric division prevent that cell from becoming a sib in the presence of an intact Notch pathway.
of GMC-1 but only at earlier stages during the formation of NBs. In this article, we show differential effects of Mam on asymmetric cell fate specification vs. neuroblast formaThere might be some difference between MamN and Mam IL42 in their ability to complement loss of asymmettion in the ventral nerve cord of the Drosophila embryo. ric division in mam HD10/6 . This is indicated by the findings asymmetry. For instance, the MamN polypeptide may lack sequences required for interaction with factors necthat while MamN can rescue the asymmetry defect in mam HD10/6 , the interallelic complementation of the asymessary for NB formation but not for asymmetric division. . Alternatively, (symmetrical division of GMC-1 into two sibs). During the division of GMC-1, Insc localizes to the apical end there may be a protein-level difference between the two cases; in the former, MamN is expressed at high levels of GMC-1, which in turn segregates Nb to the basal end. The cell that inherits Nb is specified as RP2 due to the under Hs-GAL4, whereas in the latter mam IL42 is under the control of the mam promoter. Yet, the seven-aminoability of Nb to block Notch signaling, whereas the cell that does not inherit Nb (but inherits Insc) is specified acid residues could make some difference, given that these amino acids are mostly glutamine residues, which as sib by Notch. Thus, in insc mutants, both daughters of the GMC-1 adopt an RP2 fate whereas in nb mutants can be involved in multimerization of proteins (Pascal and Tjian 1991) . It is possible that the region of the they assume a sib fate (Buescher et al. 1998; Wai et al. 1999 in a ternary complex that binds to HES/E(spl) promotBhat, K. M., S. J. Poole and P. Schedl, 1995 The miti-mere and ers and activates gene expression (Wu et al. 2000 ; Kita- interactions may be distinct during the generation of
